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ABSTRACT

In this research paper, dry sliding (unlubricated), corrosion and abrasive wear behavior of ZA27/ Graphene/ B,C hybrid nanocomposites were studied. The hybrid
nanocomposite samples were fabricated by powder metallurgy technique. Tribological tests were performed by employing a ball-on-disc type in the unlubricated
situation and different loads (1, 2, 5 and 10 N). The examination of the worn and corroded surfaces, the powder characterization was performed using scanning electron
microscopy (SEM). The findings indicated that the increase in B4C nano-particle content can positively effect on the corrosion and wear behavior of the hybrid
nanocomposites. The electrochemical polarization measurements showed that increasing of the nano B4C content causes high corrosion resistance in the hybrid
nanocomposites. The corrosion tests showed that the corrosion rate value of the ZA27/Graphene/B,C hybrid nanocomposites decreased from 59.02 mpy to 16.77 mpy

with increasing the nano B,C content from 0.25% to 2%.
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INTRODUCTION

Reinforcement of ZA27 alloys, with different materials, improve the strength of
these alloys through better mechanical and physical properties. As a result, in
recent years, Zn-Al based metal matrix composites (MMCs) have been used as
alloys with lighter weight and high wear resistance [1-4]. In recent studies, B,C
ceramic particles are used to improve mechanical strength and increase thermal
stability. The most important reason for using B,C particles instead of SiC and
Al,O; ceramic particles is that B,C particles have a relatively low density
compared to SiC and Al,O; particles and therefore the nanocomposites to be
produced using B4C particles have a higher specific strength value [5].

In recent years, graphene has emerged as a promising reinforcement material to
advance wear resistance in hybrid nanocomposite materials. In this regard, many
researches have been reported in the area of hybrid nanocomposites where the
addition of graphene as a second phase leads to the development of the
tribological and mechanical properties [6,10].

Graphene, as a very rigid material with low friction, is a perfect choice of
material for bearing applications and nano-sized objects, including friction
reduction and wear protection [7]. Mitrovi¢ et al. [8] have studied the wear
behaviors of ZA27/Graphite/SiC hybrid nanocomposites manufactured by
compo-casting. Their study showed that the ZA27/SiC/Graphite hybrid
nanocomposites had greater wear resistance than ZA27 for all the sliding speeds
and loads. In a recent study, the abrasion and corrosion behavior of
nanocomposites produced by using in the range of 0.125 wt %-3 wt %
nanographene reinforcement in ZA27 matrix alloy was investigated. According
to the results, the hardness values of the samples decreased with increasing
nanographene supplementation while increasing the abrasion resistance. In
particular, 3 wt% nanographene reinforcement significantly improved the wear
and corrosion properties. The corrosion rate for ZA27 was 2.719 mpy and the
ZA27-Graphene nanocomposite supplemented with 3 wt% nano-graphene was
1.745 mpy [9]. Girish et al. [10] studied the wear behavior in the dry sliding
environment by reinforcing the ZA27 matrix with graphite for tribological
applications. In that study, 0%, 4%, 6%, 8% by weight graphite was added to the
ZA27 matrix and it was found that the resistance to abrasion was best achieved
with 4 wt % to 6 wt % graphite reinforcement.

The previous reports showed that nanoparticles reinforced with hybrid
nanocomposites exhibit good tribological and mechanical properties. Because the
unwished phases between the alloy and nanoparticles are inhibited at low
increase the hardness of composite to uniformly dispersive in the matrix [11].

Dalmus et al. investigated the mechanical and physical properties of ZA27-B,C.
Their experimental data indicated that nano B,C can be used to enhance the
mechanical and physical properties of the ZA27 matrix alloy. The increase in
nano-sized B,C ratio can cause the formation of agglomeration in grain size
boundaries, which explains the decrease in tensile strength, density, and hardness
values [12]. Dou et al. studied the wear behavior of Al6061 alloy matrix
composites reinforced with 20% B4C ceramic particles and stated that the wear
loss was high at the beginning of the wear process and this loss was decreased as
the wear rate increased and the oxide formation had a significant effect on the
wear behavior [13]. In a study by Rajkumar and Aravindan, 5% to 30% by
weight of graphite-reinforced and copper-based composite materials used in
bearing materials were produced and density and hardness values of the produced
materials were investigated. According to the results of this study, increasing the
graphite amount and density caused a decrease in hardness values. The sintered
density values decreased from approximately 7.6 g/cm® to 6.6 g/cm® and the
hardness value decreased from 85 Hv to 55 Hv. The reason for the decrease in
density values was attributed to the increasing amount of graphite and the
increase in the number of aggregation regions formed by graphite particles in the
structure and the decrease in hardness to the low hardness of graphite [14]. Seah
et al. examined the acidic corrosion values of the composites they produced by
adding 0%, 1%, 3%, 5% of graphite in the Zn-Al alloy matrix. Corrosion tests
were performed at room temperature for 12 to 60 hours. They found that the wear
decreases in HCI solution, while it increases with the addition of graphite [15].
Bobic et al. investigated the corrosion behavior of composites produced by the
casting method by adding 1-3-5% SiCp particles to ZA27 alloy. In the corrosion
tests, 3.5% NaCl-(pH 6.7) was used as the test solution. After electrochemical
polarization measurements, it was seen that increased SiCp rate decreased the
corrosion resistance of composites [16]. Morphology has a significant effect on
the corrosion properties of metallic materials and alloys used in the industry.
However, the physical and mechanical resistance of materials and alloys
determine the amount of homogeneity in the distribution of the second phase [17-
19].

Recent studies, showed that the form and content of the reinforcement material in
the ZA27 matrix, the production technique of reinforced ZA27 and its hybrid
nanocomposites play a very important function on the wear properties of
nanocomposites. Nevertheless, to the author’s knowledge, the effect of the
reinforcement content on the corrosion and wear behavior of ZA27-based
nanocomposites reinforced with nano-size graphene and nano-size B,C has not
been studied using powder metallurgy method. It should be also noted that
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previous researches were just focused on the use of different reinforcement
materials into the ZA27-based matrix. However, in this research, the effect of
ZA27-based hybrid nanocomposites on the distribution of the nanoparticles in the
ZA27 alloy was also studied. Hence, the aim of this research is graphene and B,C
reinforced zinc-aluminum based ZA27 matrix and hybrid nanocomposite
materials; production by combining with powder metallurgy and mechanical
alloying techniques, which have an important place in the production of
materials. Also, the physical, morphological, and mechanical (hardness, abrasion
resistance, and corrosion resistance) properties of the new materials produced
were investigated.

MATERIAL AND METHODS

In this research paper, ZA27 powders (iki EI Metal Co.) with average particle
size 40 nm and a theoretical density of 5 g/cm® were used as the matrix alloy.
B4C and graphene powders (Alfa Aesar) with an average particle size of 50 nm
and 55 nm were employed as reinforcement materials. The nominal composition
of the ZA27 alloy listed in Table 1 [20,21]. Table 2 shows the coded of hybrid
nanocomposites and their reinforcement content. ZA27 matrix alloy and its
hybrid nanocomposites with different content of B,C nanoparticles (0.25, 0.5, 1
and 2 wt. %) and graphene nanoparticles (3 wt. %) were produced by mechanical
milling. Retsch PM 100 planetary ball-mill (high energy ball milling) is used in
the milling process of hybrid nanocomposites. Powder mixing was carried out for
1 hour at room temperature in an argon atmosphere. The milling process was
made of a tungsten carbide mill chamber with a volume of 250 ml, balls of 10
mm diameter. The ball: powder weight ratio was selected as 5:1. Mechanical
mixing was carried out at Argon atmosphere, at room temperature and at a
grinding speed of 400 rpm. The addition of zinc-stread was made at a rate of wt.
1% to prevent agglomeration during mechanical milling. Hot pressing was used
for the preparation of the ZA27 matrix alloy and its hybrid nanocomposites.
ZA27 matrix alloy and its hybrid nanocomposites powder were manually put
consecutively in the steel die, and then the powders were uniaxial cold-pressed in
a die up to 200 MPa for 2 minutes. The green compacts of ZA27 based hybrid
nanocomposites in the die were hot-pressed for 3 hours at 435 °C and 500 MPa in
an argon atmosphere. The density of the sintered samples was determined by the
Archimedes method. Morphology and internal structure analysis of hybrid
nanocomposite powders were investigated by using a ZEISS LS 10 scanning
electron microscope (SEM). Distribution of reinforcements in the matrix,
porosity and surface investigations were made in detail by SEM analysis. After
the wear and corrosion tests in SEM, the type of wear and surface condition and
corrosion damage on the surface were examined. Rigaku Corporation, Japan
brand X-ray diffractometer (XRD) was used for phase identification of
ZA27/Graphene/B,C hybrid nanocomposite samples. This was carried out at
40kV and 30mA and under Cuka (1,54059 Ao) radiation. XRD patterns were
performed between 10-80 ° and 26.

Wear behavior of the ZA27 and its hybrid nanocomposites were examined by
using a ball on disc (DUCOM) tribology tester. The tests were performed in dry
sliding and 60 % relative humidity at room temperature. On account of wear test,
ZA27 and its hybrid nanocomposite samples were ground with a 1500-2000 SiC
grinding paper and further cleaned in ethanol. Before wear tests, the initial
weights of the samples were measured. Balls made of H11 hot work tool steel
with a diameter of 10 mm were used as abrasives. Before the wear tests, the
surface roughness (Ra) values of the samples were measured as 0.2 um. Wear
test specimens were produced with a diameter of 30 mm and two different loads
were used on one surface and a total of four loads were used on both surfaces.
The applied loads were 1, 2, 5 and 10 N at 100 rpm (sliding speed range) and the
sliding distances were chosen as 300 m. GAMRY reference 3000 brand corrosion
device was used in corrosion tests. Corrosion samples were first drilled to a
diameter of 2 mm. A copper wire was contacted with the sample to provide the
electron current. The samples were ground with 600, 800, 1200 and 1500 grit and
polished with alumina. The surface of each sample was washed with methanol
and dried before starting the corrosion tests Potentiodynamic polarization tests
were performed to determine the corrosion resistance of ZA27 / Graphene / B,C
hybrid nanocomposite samples. Potentiodynamic polarization measurements
were started with a cathodic potential of 500 mV and continued to the anodic
potential of + 500 mV at a scanning rate of 1 mV/s. In the experiments, a 3.5%
NaCl solution was used as the electrolyte. To determine the corrosion resistance
of ZA27 matrix alloy and hybrid nanocomposite samples, two potentiodynamic
polarization tests were performed and averaged.

Table 1 Chemical composition of ZA27 alloy (wt.%)
Al Cu Mg Zn
258 24 0,012 Bal.

Table 2 The samples produced by mechanical alloying and then hot pressing

Sample Milling Time | ZA27 (wt. | Graphene (wt.
Number (h) %) %) B4C (wt. %)
ZA27 1 100 0 0
ZGB-0.25 1 96.75 3 0.25
ZGB-0.5 1 96.5 3 0.5
ZGB-1 1 96 3 1
ZGB-2 1 95 3 2

RESULTS AND DISCUSSION
Subtitle of results and discussion

In this study, nanocomposite and hybrid nanocomposites were produced by using
the powder metallurgy method by reinforcing ZA27 matrix material with nano-
size graphene and B,C. The effects of nano-size graphene and B,C on hardness,
microstructure, wear and corrosion behavior of the ZA27/Graphene/B,C hybrid
nanocomposite were investigated. The main results obtained from experimental
studies are discussed below.

XRD Analyses

XRD patterns of ZA27 matrix alloy and ZA27/Graphene/B,C hybrid
nanocomposites which have different graphene nanoparticle contents are
presented in Fig. 1. The peaks of Zn, Al, and CuZns, besides that graphene, can
be seen in the XRD pattern. When compared with the ZA27 matrix, newly
produced phases such as the graphene phase were observed for
ZA27/Graphene/B,C hybrid nanocomposites, while the diffraction peaks of B,C
phase were much low for ZGB-0.5 hybrid nanocomposite. The increase in
diffraction peak intensity of B,C was observed for the ZGB-2 hybrid
nanocomposite (Fig. 1). As shown in Fig. 1, the amount of CuZns intermetallic
phases increased for the hybrid composites. It should be noted that the CuZns
phase can be formed in the Zn-Al-Cu phase diagrams at a reaction temperature
of 450 °C [22-23]. This result can be attributed to the positive effect of graphene
on the formation of intermetallic phases and the densification process. As known,
carbon-based materials such as graphite, graphene, and carbon nanotube have
high thermal conductivity and the high conductivity of graphene particles
increases the diffusion ability between Cu and Zn elements during the hot
pressing process. Therefore, CuZns phase content increases with increasing
graphene content. A Similar result has been observed in a previous study [24].




Emre Deniz YALCIN et al. in Acta Metallurgica Slovaca

AZn
0 CuZns
oAl

OB4C

”wwﬂkjt

R
ZGB-1 h *

Intensity (a.u.)

e

ZGB-0.5 \

*LMJ
/Ny

20 30 50 70
Posmon [°29] (Copper (Cu))

Fig. 1 XRD patterns of ZA27 alloy and ZA27/Gr/B4C hybrid nanocomposite for
different B,C content

Microstructure

The SEM images of B4C, graphene, and ZA27 matrix alloy powders are given in
Fig. 2. ZA27 matrix powders were in ligament and irregular structure while B,C
powders were in a polygonal and angular structure. Graphene powders were
hexagonal structure. (Fig. 2. and Fig. 3). Fig 3 also shows the morphology of
hybrid nanocomposite powders with different reinforcement content after milling
time of 1h. After 1 hour of milling, B,C was embedded into the ZA27 powders
surrounded with nano-size graphene particles The nearly flaked morphology of
particles proposes that the 1 h milling time was enough to reach the desired
condition.

Fig. 2 SEM images of the initial matrix powders and reinforcement particles, (a)
nano B,4C particles, (b) nano graphene particles, (c) ZA27 alloy powders.
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Fig. 3 SEM images of ;a) ZA27, b) ZGB-0.25 hybrid nanocomposite powders, c)
ZGB-0.5 hybrid nanocomposite powders, d) ZGB-1 hybrid nanocomposite
powders and ) ZGB-2 hybrid nanocomposite powders ball milled for 1h

CI Graphene particles

B4C particles >

20 pm 20 um

Agglomerated
graphene

€A B.C particle

204m

Fig. 4 SEM mapping images of ZGB-2 hybrid nanocomposite.

Fig. 4 shows SEM-EDS element distributions belonging to ZGB-2 hybrid
nanocomposites. According to these internal structures, the red, green, blue, and
yellow regions indicate the elemental distribution of C, B, Al, and Zn, respectively.
Red regions show the distribution of nano-size graphene particles, while the green
points indicate the nano B,C particles into the ZA27 alloy matrix. The mapping
confirmed that the distribution of nanoparticles in the matrix was nearly
homogenous. As can be seen in the C-K mapping that showing with red point,
agglomerated graphene particles are only located within the boundaries between
neighboring ZA27 alloy matrix particles. While the B,C particles are embedded in
the matrix particles.

Porosity and Harness Measurements

The density decreased with increasing reinforcement. ZA27/Graphene/B,C
sample has a lower density than ZA27 due to its lower densification ability and
the more agglomeration. The porosity of hybrid nanocomposites increased with
the increase in the B,C content. This can be attributed to the effect of hot pressing
during the densification. The increase in the B,C content from 1wt% to 2 wt%
resulted in a decrease in the density of hybrid nanocomposites, nevertheless an
important increase was obtained at a porosity of ZGB-2. Folorunso and Owoeye
studied that the effect of SiC content on the physical, mechanical properties and
tribological behavior of stir cast ZA27 alloy based hybrid composites. They
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reported that the density of the composites decreased with an increase in the SiC
content while slight voids exist as compared to the unreinforced alloy [25]. The
results of Brinell-hardness measurements of all composites are shown in Table 3.
It can be concluded that there was a dramatic decrease in hardness values. The
decrease in the B4,C content resulted in higher hardness values for the hybrid
nanocomposite. The results showed that B,C content harmed on the porosity of
hybrid nanocomposites during hot pressing. Moreover, ZGB-2 hybrid
nanocomposite contains a high proportion of Graphene and B4C supplements, the
ZA27 matrix powders produced more plastic deformation and increased stresses
between the matrix and the reinforcement. Yalgin et al. [9] achieved the best
tribological properties in 3wt% graphene-reinforced ZA27 composites produced
under similar conditions. They found the optimum performance at the composite
mixture of ZA27 / 3 wt% Graphene porosity 4.05% with a Brinell hardness value
of 62.67 HB.

Table 3 The porosities and hardness value of ZA27 alloy and composites

ZGB-1 0.0013 0.0025 0.004

ZGB-2 0.0012 0.0023 0.0032

Sample Number Porosity content | Relative Density | Brinell Hardness
(%) (%) (HB)
ZA27 0.36 89.9 120
ZGB-0.25 10.02 88.1 71.9
ZGB-0.5 11.89 87.6 70.1
ZGB-1 12.34 87.2 68.9
ZGB-2 12.7 86.6 60.3

Wear Mechanism

For a better understanding of wear properties of ZA27/Graphene/B,C hybrid
nanocomposites, the B,C content, and reinforcement distribution into the ZA27
matrix as well as bonding and interface interactions between ZA27/Graphene or
B,C reinforcement alloys should be further investigated. For the
ZA27/Graphene/B,4C hybrid nanocomposites, the very critical parameter is the
reinforcement content due to in the fact that microstructure changes from ZA27
alloy to hard ceramic with increasing B4C content (wt.%). The capability of
burden holding increases with an increase in B,C content although the bonding
strength between the ZA27 alloy and reinforcement materials decreases
conspicuously. The result of the B,C content on the wear loss of the ZA27 and
hybrid nanocomposites are given in Table 4. As the B,C content increased from
0.25 to 2 wt%, the wear weight loss decreased. A decrease in wear loss with
increasing B4,C content was observed. Between the samples codded as ZGB-1
and ZGB-2 demonstrated lower wear loss at each load when compared with the
ZA27 matrix alloy. This can be attributed to the presence of graphene
nanoparticles in the matrix released to wear track of the disc during performing
the wear tests. Fig. 5 shows both the lubrication of graphene and the hard
nanoparticle property of the B,C supplement showed a significant reduction in
weight losses. Furthermore, it was shown that the relation between wear
resistance and hardness is nearly linear in very advanced alloys. Girish et al.
investigated the effect of graphite particles on mechanical, wear, and thermal
behavior of ZA27 alloy composites. According to their results, the addition of
graphite particles to the ZA27 zinc alloy matrix improves the wear resistance of
the composite, the benefit of reinforcement is found more at 4-6% compared to
higher values. It should be noted that a good indication that the graphite
reinforcement will certainly help the designers to develop a suitable bearing
material which gives better performance at elevated temperatures. However,
hardness, thermal properties of composite such as thermal conductivity,
diffusivity, and mechanical damping values at higher temperatures reduces with
an increase in reinforcing percentage [10].

Table 4. The effect load on the wear loss of ZA27 alloy and hybrid
nanocomposites at constant sliding distance (300m) and sliding speed (100 rpm)

Weight loss | Weight loss Weight loss Weight loss on

Sample on 1N Load on 2N Load on 5N Load 10N Load (mg.)

(mg.) (mg.) (mg.) '
ZA27 0.36 14 76.6 250
ZGB-0.25 0.002 0.003 0.006 0.028
ZGB-0.5 0.0014 0.0028 0.005 0.023

0,030

0,025

0,020

0,015

0,010

0,005 -

0,000 -
ZGB-0.25

ZGB-0.5
Weight Loss (mg.)

ZGB-1

Fig. 5 The effect load on the wear loss of hybrid nanocomposites at constant
sliding distance (300 m) and sliding speed (100 rpm)

Investigation of wear surfaces

Fig. 6 shows the SEM views of the worn surfaces of the ZA27 matrix alloy and
hybrid nanocomposites. As seen in Figure 6, the wear mechanism includes the
adhesion and delimitation mechanisms. SEM analysis of the worn surfaces shows
that less damaged areas were obtained after wear testing on the ZGB-2 sample
(Figure 6e) compared to that of the other hybrid nanocomposites and ZA27
alloys. The increasing agglomeration can be explained by the increased B4,C
nanoparticle ratio. Wear marks were found on all wear surfaces in the same
direction as the wear direction. In high magnifications, strips, plastic
deformations, and cracks on wear surfaces were observed. As can be seen in
Figure 6d-e, layer and cold tears are more common. This is because, in the
experiments carried out at low loads, the particles that are detached from the
sample surface have partially adhered to the surface of the sample during the test.
As shown in Fig. 6, the tribological mechanism contains the abrasion and
adhesion wear. The adhesion and abrasion wear that are essential tribological
mechanisms describe fretting, pitting, spalling, scuffing, scoring, abrasion, and
others. The increase in the B4C particle content from 0.5 to 1 results in a change
of adhesion wear mechanism to abrasion. This can be attributed to the
distribution of B4C particles in the ZA27 matrix. As seen in Fig. 6.b and c, even
more particles have been severed, the more often the particles are bonded to the
surface and the cold source has occurred. Hard B4C particles eliminate the
softening of the graphene particles in the structure. Kumar stated that the
microstructure of wear surfaces of ZA27-graphite composites show deep and
coarse grooves on the worn surface. The addition of SiC nanoparticles and Gr
particles into the alloy increased the hardness of the ZA27 matrix alloy. Also, the
SiC nanoparticles hinder the plowing during wear. The grooves became
shallower as the content of graphite particles was present in the ZA27 hybrid
composite [26].
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The polarization curves of hybrid nanocomposites showed an increase in the
current density with the increase in the applied polarization. The corrosion
resistance of ZGB-2 hybrid nanocomposite in the environment was higher than
other hybrid nanocomposites. In determining corrosion behavior, the particle
content and the passive and active state of the environment were also important.
Since ceramic particle causes a reduction in corrosion resistance in an active
environment, it increases the corrosion resistance in a passive environment. Also,
composites with low B4C content with a Ex, value more than others were more
passive. So, the tendency to ionization was higher. The other composites are
known to corrode more quickly when activated [27]. Hybrid nanocomposites
have high corrosion rates. This may be due to galvanic corrosion.

Fig. 6 SEM images of worn surface of a) ZA27, b) ZGB-0.25, c) ZGB-0.5,
d)ZGB-1 and e) ZGB-2 ball milled for 1 h

Corrosion

Fig. 7 shows the potentiodynamic polarization curves of ZA27 matrix alloy and
ZA27 | Graphene / B4,C hybrid nanocomposites (Exor). The current density (lor)
values decreased by the increase in B,C contents. Eyor and low Iy Values close to
the positive indicated that the corrosion resistance of the hybrid nano composite
was higher.

Table 5 Electrochemical parameters derived from polarization data

| Corrosion rate
Sample o Ecor (MV
P (Aem?) wor (M) (mpy)
ZA27 1.23 -1000 2.719
ZGB-0.25 41.7 -1070 59.02
ZGB-0.5 194 -1150 57.6
ZGB-1 75 -968 20.8
ZGB-2 16.9 -1200 16.77
Fig. 8 SEM images after corrosion a) ZA27, b) ZGB-0.25, ¢) ZGB-0.5, d) ZGB-1
and e) ZGB-2 ball milled for 1 h
200 Fig. 8 shows the post-corrosion SEM images of ZA27 alloy and hybrid
nanocomposites. On the surface of the hybrid nanocomposite specimens, the
b damages were formed in different sizes after corrosion and therefore the
corrosion on the surfaces of the samples was observed. This type of corrosion
- usually occurs in neutral environments containing chlorine. The corrosion is
g known to occur in passivated materials in environments involving perchlorate,
z — 2 iodide, bromide or chloride ions when the electrode potential passing over a
3 — 2o critical value. The potential varies depending on the material and the corrosive
52000 feos structure.
a 2G8-1
ol —2GB-2
o CONCLUSION
o In the current work ZA27- Graphene-B4,C hybrid nanocomposites with 3wt%
oo nano-size graphene, and 0.25 wt.%, 0.5 wt.%, 1 wt% and 2 wt.% nano-size B,C
were efficiently fabricated by the hot pressing method. According to this:
o 1. Hybrid nanocomposites that have excellent wear resistance than the ZA27
E: m 7 = " - = i ) alloy have been manufactured with supplementations graphene and B,C
Current density, A/cm? nanoparticles to ZA27 alloy.
- - - — = ) 2. According to SEM-EDS element distribution and XRD results of hybrid
Fig. 7 Potentiodynamic polarization curves of ZA27 alloy and hybrid nanocomposites; Al, Zn, CuZns, B,C and Graphene phases were encountered.
nanocomposites The amount of Al, Zn, CuZns phases increased with an increasing amount of

reinforcement.
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3. Higher porosity ratio such as 2 wt.% B,C was obtained at ZGB-2 hybrid
nanocomposite via hot sintering process.

4. ZGB-2 sample showed the best abrasion resistance without making grooves on
the surface. Other samples exhibited an abrasive and adhesive wear mechanism.
Therefore 3 wt. % nano graphene and 2 wt. % of B,C supplementation can be an
excellent choice.

5. The wear resistance of hybrid nanocomposites increased with the increase in
the quantity of B4C nano-sized particles.

6. The best corrosion resistance was obtained at ZGB-2 hybrid nanocomposites

7. Hybrid nanocomposites have high corrosion rates which are probably due to
galvanic corrosion.
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